Wide-eld H images of the galactic supernova remnant HB 3 are presented and compared to new DRAO radio continuum maps at 408 and 1420 MHz with angular resolutions of 3:5 0 4:0 0 and 1:0 0 1:13 0 respectively. HB 3's optical emission appears as a broken shell of lamentary and di use emission, most incomplete along the northern rim. New optical laments are detected along the remnant's southern radio boundary, in an area of suspected greater extinction due to a foreground molecular emission ridge. An optical spectrum of bright, western limb laments indicates a shock velocity 100 km s ?1 , a S II] 6716/ 6731 derived electron density of 150 cm ?3 , and an E(B{V) = 0:71 0:04 consistent with X-ray derived column density estimates. The remnant's radio spectral index is {0.64 0.01, evaluated in regions away from confusing emission from W3. HB 3's scalloped western structure suggests multiple shock fronts, possibly related to the remnant's large size and late evolutionary stage, where the remnant's shock is expanding into density irregularities in the local interstellar medium. Overall, we nd a strong correlation between individual radio and optical emission features at both large and small spatial scales. We suggest that a strong radio{optical correlation plus a multi-shell structure may be better indicators of advanced remnant age than the often mentioned di use optical morphology.
Introduction
The radio source HB 3 (G132.6+1.5; Brown & Hazard 1953 ) is an evolved galactic supernova remnant (SNR) situated along the western edge of the H II region/molecular cloud complex W3 (IC 1795). HB 3 was rst identi ed as having a nonthermal spectrum by Williams et al. (1966) and Caswell (1967) . Subsequent higher spatial resolution radio maps (4 0 ? 10 0 ) at 1420 and 2695 MHz later revealed a shell structure distinct from W3 (Velusamy & Kundu 1974; Rohlfs et al. 1977; Wendker & Altenho 1977) . A 3:5 0 4 0 resolution mapping at 408 MHz indicated remnant EW NS dimensions of 90 0 123 0 (Landecker et al. 1987) . This large angular size, together with indications for an interaction with W3 (Routledge et al. 1991) , which lies at a distance of 2:2 0:2 kpc, gives HB 3 an estimated physical size of 57 79 (d/2.2 kpc) pc, ranking it among the largest galactic SNRs currently known.
X-ray observations with the IPC on the Einstein Observatory showed HB 3's X-ray emission to be di use with a patchy 35 0 diameter X-ray emission ring near the center (Venkatesan et al. 1984; Leahy et al. 1985 ). An observed X-ray temperature decrease of 1 to 0.3 keV from center to limb may explain part of the fading of the SNR's X-rays due to interstellar extinction of the generally softer limb emission (Leahy et al. 1985) . Although HB 3's X-ray and radio emissions have common centers and are elongated perpendicular to the galactic plane, the remnant's overall radio and X-ray morphologies di er signi cantly, with no X-ray emission detected in the remnant's lower third (Leahy et al. 1985; Landecker et al. 1987 ).
HB 3 is relatively faint optically, with only a few laments visible on the Palomar Sky Survey along the SNR's western edge (van den Bergh et al. 1973) . Low-dispersion, red spectra of two of these laments showed strong S II] emission relative to H , typical of shock emission, with the S II] 6716/ 6731 line ratio equal to 1.44 indicating a lament { 4 { density 100 cm ?3 (D'Odorico & Sabbadin 1977) . In this same region, Lozinskaya & Sitnik (1980) used Fabry-P erot data to estimate lament motions of 35 { 50 km s ?1 , leading to an estimated blast wave velocity of 200 { 250 km s ?1 .
Identi cation of optical emission associated with the remnant's eastern limb is made di cult due to the complicating presence of bright emission from W3 (see Long et al. 1995) . Fesen and Gull (1983; hereafter FG) , using the emission-line survey data of the galactic plane of Parker et al. (1979) , found a ' 70 0 diameter emission shell in H + N II] and S II] 6716; 6731. However, this optical emission did not extend as far south as the remnant's observed radio emission. The FG images, together with that of van den Bergh et al. (1973) indicated a fairly di use optical emission SNR, with the lack of sharp laments possibly related to the remnant's considerable age and low shock velocity (van den Bergh et al. 1973; Lozinskaya 1992 ).
Here we present and discuss improved 408 and 1420 MHz continuum radio maps of HB 3, along with deep H images covering the remnant's western two-thirds. The new radio maps better resolve the remnant's nonthermal radio structure, while the optical images show a much more extensive and lamentary emission shell than previously realized. A comparison of the remnant's radio and optical emission distributions at both large and small spatial scales show a high degree of correlation. Details of the observations are described in Section 2, with the results presented and discussed in Section 3.
Observations

Radio Continuum Observations
Radio continuum data on HB 3 were collected using the Dominion Radio Astrophysical Observatory's synthesis telescope (DRAO's ST) as part of the Galactic Plane Survey pilot { 5 { project undertaken in June, July, November and December of 1993. The telescope is a seven element east-west array operating simultaneously at 408 and 1420 MHz. Its longest baseline is 600 m which, at the declination of HB 3, translates to a resolution of 1:00 0 1:13 0 (EW NS) at 1420 MHz and of 3:5 0 4:0 0 at 408 MHz. The antennas have a diameter of 9 m which results in a large eld of view. The primary beams at both frequencies are well approximated by Gaussians, with the full-width-half-maxima of 103 0 at 1420 MHz and 305:5 0 at 408 MHz. The individual elds used for the mosaics were truncated at the 20% sensitivity level of the primary beam (78 0 at 1420 MHz and 232:8 0 at 408 MHz). Map centers for those contributing to the data presented here are given in Table 1 . For these observations, the calibration sources were 3C147 (22.0 Jy at 1420 MHz and 48.0 Jy at 408 MHz), 3C295 (22.1 Jy at 1420 MHz and 54.0 Jy at 408 MHz) and 3C286 (14.7 Jy at 1420 MHz). These uxes are in agreement with the Baars et al. (1977) ux scale.
The data for each eld were reduced separately. Initial dirty maps were made from visibilities which had been calibrated in the standard way. The instrumental response was eliminated from the data by deconvolution using the CLEAN algorithm (Clark 1980; Steer et al. 1984) . Self-calibration corrected for phase and amplitude errors due to atmospheric and instrumental e ects.
Emission on all angular scales is present in the images shown here, single dish data having been added to the synthesis telescope information to compensate for the ST's lack of spacings shorter that 12.86 m. At 1420 MHz, the large angular scale data was provided by the E elsberg telescope (Kallas & Reich 1980) and at 408 MHz, it was taken from the all-sky survey by Haslam et al. (1982) . Finally, the elds were combined to form a mosaic after having been reprojected to a common grid.
The theoretical noise for the synthesis telescope data varies over the mosaics. For the region presented here, the sensitivity at 408 MHz varies between 1.9 mJy/beam and 3.1 { 6 { mJy/beam. At 1420 MHz, the minimum sensitivity is 0.23 mJy/beam and the maximum is 1.15 mJy/beam with this higher value being reached along the edge of the mosaic where only one eld contributes information. However, in the 1420 MHz image there are artifacts associated with the W3 star forming region which are at a higher intensity ( uctuations on the order of 3.0 { 4.5 mJy).
Optical Images and Spectra
Wide-eld, H images of HB 3 were obtained in August 1993 with the Burrell Schmidt telescope at Kitt Peak, Arizona. A 2048 2048 Tektronix CCD (S2KA) with 21 m pixels was used to provide an image scale of 2:03 00 pixel ?1 , and a circular eld size of 69 0 . To enhance detection of the remnant's fainter laments, we employed a narrow interference lter (FWHM = 20 A) having a central wavelength matched to the Schmidt's f/3.6 beam giving a transmission peak near H . Because of HB 3's large angular size (' 1:5 o 2:1 o ), several pointings were needed. Six 1500 s exposure images were taken, covering the western two-thirds of the remnant's radio shell. The images were reduced with standard IRAF software routines using twilight sky ats and bias frames. Bad columns and some large cosmic ray hits were manually removed using neighboring pixel replacement techniques, and appear as blurred lines in some of the images. Due to plate scale distortions from the eld center to the outer image edge, plus small position angle rotations between some individual images, only approximate reference coordinates could be mapped onto a combined, mosaic image of all six images.
A low-dispersion optical spectrum of the relatively bright western laments was obtained in November 1994 using the MDM 2.4 m Hiltner telescope. The data were taken using the Mark III spectrograph with a 600 line mm ?1 grism (4600 A blaze), a 2:4 00 4:5 0 E-W aligned slit, and a 1024 1024 Tektronix CCD detector. The slit was positioned { 7 { on the western edge of the remnant's bright lament complex (see Fig. 5 below). Sky measurements were taken along the slit immediately to the west, in a region free of strong emission. Three 1000 s exposures were co-added and reduced using IRAF software, Hg-Ne comparison lamps, and Oke (1974) and Stone (1977) spectral standards.
Results and Discussion
Radio Continuum Images
Our 408 MHz radio continuum image of HB 3 is shown in Figure 1 . It is similar to that presented and discussed by Landecker et al. (1987) . This is not surprising as both data sets were obtained using the DRAO synthesis telescope, though the present image has greater sensitivity. Telescope performance has been ameliorated over the past few years, with the sensitivity at phase center for a single eld improving from 5 mJy/beam to 3.3 mJy/beam (25 mJy/beam to 16.5 mJy/beam at the edge of the eld). However, the main improvement in our 408 MHz map of HB 3 is attributable to the fact that the present image is a mosaic of nine overlapping elds, seven of these contributing to HB 3 itself (see Table 1 ). It should also be noted that Landecker et al.'s data constituted the inaugural observations with the 408 MHz receiving system at the DRAO, with all the hardware and software problems that that can entail. The present image therefore provides better detection of the remnant's weaker features, improving the contrast and visibility for the fainter portions, especially the northwestern and southwestern limbs. For example, the remnant's \northern emission loop" discussed by Landecker et al. (1987) is now seen to be part of an emission extension towards the NW rather than a narrow emission loop. However, we do not nd appreciably larger remnant dimensions than reported by Landecker et al., who measured the remnant at 90 x 120 arcmin in size. { 8 { Our 1420 MHz continuum image of HB 3 is shown in Figure 2 . With a 1:0 0 1:13 0 synthesized beam size, these data represent the highest resolution radio mapping of this remnant to date. Data at this frequency and resolution were also observed along with the 408 MHz data presented by Landecker et al. and are mentioned in Routledge et al. (1991) , but the proximity of the W3 star formation region caused intractable artifacts. Artifacts from this source are also visible in the present data set but their impact is less than in the earlier data because of telescope and software improvements (e.g., for the previous observations, the synthesis telescope had only four elements thus making self-calibration impossible). Artifacts notwithstanding, the higher resolution 1420 MHz map highlights, better than the 408 MHz image, the remnant's discrete, overlapping emission arcs and loops, already noted by Landecker et al. (1987) . The remnant's western limb, farthest from W3 and thus least a ected by its associated artifacts, shows a sharp, highly irregular radio boundary, composed of several of these superimposed emission loops and shells. Below, we will use these data together with new optical images to show that HB 3's radio structure is strongly correlated to radiative shock laments.
Compact sources, most of which are likely background galaxies, were subtracted from both continuum images and the SNR's emission integrated for spectral index determination. Figure 3 shows our 408 MHz map with the compact sources removed. Each source was replaced by a background value derived by tting a twisted plane to the corners of a surrounding small box. The result is a more readily apparent radio morphology and internal structure of HB 3 than can be seen from either Figures 1 or 2 alone.
The location of HB 3's southeastern boundary is di cult to determine with any degree of accuracy. The intense emission near W3, between 2 h 16:5 m to 2 h 21 m and +61 20 0 to +61 53 0 , was excluded from the integration as its spectral index di ers signi cantly from that of the main body of the SNR and is more closely related to that of W3. However, it { 9 { is possible that this region contains a mixture of thermal and non-thermal emission, either superimposed along the line of sight or physically meshed. At 408 MHz, the remnant's integrated ux density is 48:3 6:5 Jy, and at 1420 MHz it is 26:0 2:7 Jy. This is low in comparison to the value quoted by Green (1991) but previous authors did not subtract the strong compact sources before integrating. With these values of ux density, the spectral index is ?0:5 0:2.
The spectral index was also evaluated using temperature-temperature plots of various sub-regions of the SNR. Considering an area safely away from the confusion of W3, its artifacts and the adjacent thermal plateau, a spectral index of ?0:64 0:01 was found from the best t line. The spectral index quoted by Landecker et al. (1987) was ?0:60 0:04, this gure being obtained from a t to all ux densities published at that time. Their ux densities included compact non-thermal background sources (which we eliminated from the data presented here) and also quite certainly included some part of the thermal plateau which, with the help of much better resolution, was excluded in the present analysis.
The distribution of the spectral index over the SNR was evaluated by comparing the high and low frequency radio continuum emission after convolving the 1420 MHz data to the resolution of the 408 MHz image. The SNR is spectrally quite uniform, with variations being of the order of 3%.
Optical Emission
A mosaic composed of six Burrell Schmidt H images covering the western two-thirds of HB 3 is shown in Figure 4 (Plate 0000). While some of the brighter emission nebulosities along the eastern edge of the image are likely associated with the neighboring W3 H II region complex, this mosaic reveals considerable new optical emission along the remnant's western and southern limbs. { 10 { Although lamentary emissions often help delineate SNR nebulosities, they are not, by themselves, a useful discriminator for identifying SNR emission. High S II]/H ratios (i.e., 0.45) are a more positive means of SNR identi cation (Fesen et al. 1985 ). Because we have only H images of the remnant, we have made use of the 408 MHz radio image to help identify the remnant's optical emission through spatial coincidences with nonthermal radio emission features. Comparing the 408 and 1420 MHz radio maps (Figs. 1 & 2) with the H image shown in Figure 4 , one sees that HB 3 has an irregular H emission structure along its western limb, which matches well the SNR's observed radio structure. Comparing Figure 4 with previous optical images of HB 3, one sees considerable di erences in the remnant's appearance. Because our images detect fainter emission and have better resolution than those of FG, what they interpreted as HB 3's optical shell can now be seen as just the northern portion ( +62 o ) of HB 3's true optical structure. The northern section contains the bright western laments and this, together with bright eastern emission along W3's edge (Long et al. 1995) , gave FG the impression of a nearly circular emission shell, 70 0 in diameter. However, our H images show that HB 3's optical emission extends farther to the south than realized by FG, speci cally, a line of laments at = 2 h 12 m , = +61 o 35 0 (see Figs. 4 & 6) . This southern emission is faint and in an area of somewhat weaker background emission. One possible cause for the weaker southern emission here is increased extinction from dust associated with a CO emission ridge located in this line of sight (Routledge et al. 1991) . Leahy et al. (1985) have also proposed that the remnant's lack of di use X-ray emission in this region may be due to increased X-ray absorption associated with this CO ridge.
Much of the remnant's interior emission is di use, with a surface brightness 5 { 20 times lower than that of some of the brighter limb laments. This di use emission led researchers into classifying HB 3 as an example of an old, di use morphology remnant (Lozinskaya 1992) . However, our images show HB 3's optical emission to be more lamentary than previously suspected. This can be seen in Figures 5 and 6 (Plates 0000), which show enlargements of the remnant's bright western region and the fainter emission along the southwestern limb. The bright western emission appears to consist of overlapping laments and emission arcs. A few laments are situated well o the rim into the generally more di use interior (Fig. 5) , and most are accompanied by considerable surrounding di use emission. Considerable lamentary emission is also present along HB 3's SW rim, where one sees a number of sharp, delicate laments running along the outer edge as well as farther in towards the interior (Fig. 6 ).
The irregular and scalloped structure of HB 3's western limb suggests the presence of multiple, overlapping shock fronts. Such a structure could be related to the remnant's large size and late evolutionary stage, where the remnant's expanding shock interacts with several large-scale density irregularities in the local interstellar medium. A pair of curved laments well interior from the edge at = 2 h 12 m , = +62 o 20 0 (see Fig. 4 ) may indicate emission shells whose boundaries happen to project nearer to the remnant center. With an estimated blast wave velocity between 200 { 500 km s ?1 based on X-ray data (Leahy et al. 1985) , HB 3 would likely be in the late adiabatic stage, where its development is more in uenced by irregularities of the local ISM (Landecker et al. 1987) . Density variations in the surrounding ISM need only be 20% to 30% to produce signi cant irregularities in the observed shock front (Lozinskaya 1992) . Although HB 3 is among the largest of galactic SNRs, its optical and X-ray derived intercloud shock velocity (Lozinskaya & Sitnik 1980; { 12 { Leahy et al. 1985) is not appreciably less than the smaller (dia. = 40 pc) Cygnus loop SNR (Kirshner & Taylor 1976; Ku et al. 1984) . A key to their di erent appearances may be HB 3's lower intercloud density of 0.04 to 0.06 cm ?3 compared to 0.15 to 0.20 cm ?3 for the Cygnus Loop. Figure 7 shows the optical spectrum taken for a portion of the bright western limb laments (see slit position marked in Fig. 5 ). Observed and dereddened line strengths are listed in Table 2 . The emission exhibits strong S II] lines, with a S II]/H ratio = 0.72. This is well within the range expected from shocked gas emission seen in other SNRs (Fesen et al. 1985) . This ratio is also in fair agreement with the 0.62 value reported by D'Odorico & Sabbadin (1977) for a neighboring region. The presence of strong O I] 6300,6364 is additional evidence for identifying this emission as arising from shocked gas (Fesen et al. 1985) . A comparison to shock model line intensities (Cox & Raymond 1985; Hartigan et al. 1987) shows that the lack of detected O III] 4959,5007 emission implies a lament shock velocity certainly below 100 km s ?1 , and probably less than 80 km s ?1 . The electron density sensitive line ratio of S II] 6716/6731 is measured to be 1.5 0:2, indicating a lament density 150 cm ?3 . This S II] ratio is similar to the 1.44 value reported by D' Odorico & Sabbadin (1977) .
Optical Spectrum
No measurements of the optical reddening towards the remnant have been previously reported. We nd the optical extinction to HB 3's western rim, as measured from the observed Balmer decrement of these bright limb laments is E(B{V) = 0.71 0:04 using the Cardelli et al. (1989) extinction curve and assuming an R = A V /E(B{V) = 3.1. This reddening value corresponds to N(H) = 5:7 10 21 cm ?2 using the N(H)/E(B{V) from Ryter et al. (1975) determined from SNR observations. This, in turn, compares favorably { 13 { to the N(H) value of 6 10 21 cm ?2 derived from X-ray data (Leahy et al. (1985) . However, reddening along the southern edge of HB 3 may be considerably higher if, as suspected, the remnant lies behind a ridge of molecular material (Leahy et al. 1985; Routledge et al. 1991) .
Radio and Optical Emission Comparison
A comparison between radio and optical emissions along the remnant's western boundary is shown in Figure 8 . Here we use the the higher resolution 1420 MHz continuum map and full resolution of our H Schmidt images for the westernmost portion of HB 3. In contrast to results from earlier radio{optical comparisons for this SNR using lower resolution data (Landecker et al. 1987; Routledge et al. 1991) , we nd a strong correlation between individual radio and optical emission features at both large and small spatial scales, and for both lamentary and di use emission. For example, the bright patch of laments along HB 3's western limb, studied spectroscopically by D 'Odorico & Sabbadin (1977) and us, is readily apparent in the 1420 MHz continuum radio data. Even the faint optical edge of the remnant several arc minutes northward can be seen in the radio image. However, there is not as good an optical{radio brightness correlation. That is, some of brighter optical features do not correspond to equally bright features in the continuum radio maps. This could be partially due to patchy dust absorption a ecting only the optical emission.
There have been few studies comparing in detail large-scale optical and radio emission structures. In some remnants, such as the Cygnus Loop, the overall agreement between radio optical structures is poor across whole regions (see Green 1990 ), but reasonably good across certain sections even down to small spatial scales (Straka et al. 1986 ). For more evolved remnants, F urst & Reich (1986) found excellent radio and optical correlations in the remnant S147 and noted spectral changes between laments and di use emission { 14 { regions. In the old, di use remnant OA 184, Routledge et al. (1986) also found strong radio and optical correspondence. Interestingly, one property connecting HB 3 and these two SNRs (S147 and OA 184) is a morphology suggestive of large-scale, multiple shock fronts. Their appearances are di erent from those of smaller remnants (e.g. the Cygnus Loop and IC 443), where the overall radio{optical emission correspondence appears to be poorer.
The similarity between radio and optical emission in evolved SNRs might result from lower shock velocities that are more prevalent in older remnants. Slower shocks should produce stable, less turbulent postshock ows, allowing the formation of more uniform, large-scale magnetic eld compressions. Such conditions in turn may lead to a better coupling between radiative optical laments and radio emission, the latter being sensitive to B-eld compressions, especially where the local B eld lies perpendicular to the expansion direction. The volume emissivity of radio synchrotron emission is / K B 1? , where K is the density of relativistic particles, B is the magnetic eld strength, and is the spectral index (Straka et al. 1986 ). If both the relativistic particles and B eld depend linearly on the density of thermal particles, , then the emissivity is / 2? . For a spectral index of {0.5, like that seen in old remnants, the synchrotron emissivity is then / 2:5 . This is close to that of optical emission, where the H emission goes as 2 . Consequently, radio and optical emissions should roughly track one another if the magnetic eld density follows the thermal gas compression. This should continue until the magnetic eld pressure equals the thermal gas pressure. Thus a strong radio{optical correlation plus a multi-shell structure may be stronger characteristics of advanced remnant age than the frequently mentioned di use optical morphology.
Finally, both optical and radio maps of HB 3 show a poorly organized northern limb. The remnant's di use X-ray emission extends northward following the NE extension seen in the radio. Optically, the shell here is very incomplete, with only a few patches of emission, some of which have laments pointing radially outward (Fig. 4) . This region might represent a faster expansion northward due to a partial blow-out of hot interior plasma towards a weak point along the shell boundary such as a pre-existing ISM cavity (Routledge et al. 1991) . As already noted by Leahy et al. (1985) , this general direction is away from the galactic plane where one might expect generally lower interstellar gas densities. Deeper X-ray studies may resolve this question if additional di use X-ray is detected in this region.
Summary
Deep, wide-eld H images of HB 3 show a more lamentary and extensive optical nebulosity than previously recognized along the remnant's western limb. HB 3's optical emission consists of a large, broken shell of both lamentary and di use emission, which is most incomplete along its northern rim. A spectrum of the remnant's bright western limb laments indicates both a low lament shock velocity 100 km s ?1 ) and low electron density 150 cm ?3 ). The Balmer decrement indicates an E(B{V) = 0.71 0.04, in agreement with derived X-ray column densities.
Improved radio continuum images of HB 3 made at 408 MHz and 1420 MHz reveal more clearly the remnant's nonthermal radio structure. This is especially true of a point-source removed version of the 408 MHz image. A high resolution 1420 MHz map shows a scalloped western rim structure that is strikingly well correlated with the optical radiative laments. The remnant's spectral index was found to be ?0:64 0:01, evaluated using temperature-temperature plots for regions away from emission confusion with W3. HB 3's irregular western limb emission is suggestive of large-scale, multiple shock fronts possibly related to the remnant's late stage of evolution, where the remnant's shock is interacting with density irregularities in the local interstellar medium. This large remnant's considerable lamentary emission weakens the proposed correlation linking di use optical { 16 { morphology with low shock velocity, highly evolved SNRs (Lozinskaya 1992) . We suggest that strong radio{optical correlations like that seen in HB 3 and other old SNRs, together with an irregular, multi-shell structure, may be better signatures of advanced remnant age than a di use optical morphology.
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